Linear as well as branched oligosaccharides were labeled with p-aminobenzoic ethyl ester (ABEE) using the glycosylamine closed-ring labeling approach and analyzed by negative-ion electrospray ionization mass spectrometry (ESI-MS). Linkage specific fragment ions of ABEE labeled linear oligosaccharides were proposed based on the MS 2 and MS 3 data for several ABEE labeled linear oligosaccharides with known linkage configurations. Fragmentation at the reducing end was similar to that observed for ABEE disaccharides whereas the fragmentation pattern not involving the reducing end was similar to underivatized disaccharides. Based on these ions, all the linkages of linear oligosaccharides could be unambiguously determined. The fragmentation pattern at the branched sugar was in general not quite the same as the linear one. However, many linkage specific fragment ions were also observed for linkages at the branched sugar. These ions along with the ions proposed for linear oligosaccharides were found to be quite useful for the determination of all the linkages of branched oligosaccharides. (J Am Soc Mass Spectrom 2002, 13, 1322-1330 C arbohydrates are widely distributed and play a key role in numerous biological processes, such as protein conformation, molecular recognition, and cellular interaction [1, 2] . It appears that variations of glycan patterns such as fucosylation [3] or sialylation [4, 5] are crucial and have direct implications to carbohydrate biological activity. To fully understand the specific functions of the glycoconjugates, a detailed characterization of glycan structure is necessary.
Linear as well as branched oligosaccharides were labeled with p-aminobenzoic ethyl ester (ABEE) using the glycosylamine closed-ring labeling approach and analyzed by negative-ion electrospray ionization mass spectrometry (ESI-MS). Linkage specific fragment ions of ABEE labeled linear oligosaccharides were proposed based on the MS 2 and MS 3 data for several ABEE labeled linear oligosaccharides with known linkage configurations. Fragmentation at the reducing end was similar to that observed for ABEE disaccharides whereas the fragmentation pattern not involving the reducing end was similar to underivatized disaccharides. Based on these ions, all the linkages of linear oligosaccharides could be unambiguously determined. The fragmentation pattern at the branched sugar was in general not quite the same as the linear one. However, many linkage specific fragment ions were also observed for linkages at the branched sugar. These ions along with the ions proposed for linear oligosaccharides were found to be quite useful for the determination of all the linkages of branched oligosaccharides. (J Am Soc Mass Spectrom 2002, 13, 1322-1330) © 2002 American Society for Mass Spectrometry C arbohydrates are widely distributed and play a key role in numerous biological processes, such as protein conformation, molecular recognition, and cellular interaction [1, 2] . It appears that variations of glycan patterns such as fucosylation [3] or sialylation [4, 5] are crucial and have direct implications to carbohydrate biological activity. To fully understand the specific functions of the glycoconjugates, a detailed characterization of glycan structure is necessary.
Mass spectrometry has become one of the most powerful and versatile techniques for structural analysis of carbohydrates. It provides many advantages over traditional analytical methods [6] , such as low sample consumption and high sensitivity. In the past few years, soft ionization techniques such as matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) have been used for linkage and sequence determination of oligosaccharides [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Underivatized oligosaccharides have frequently been analyzed by MALDI [7, 8] . In contrast, metal ion coordinated [9, 10] or chemically derivatized 11-23v] oligosaccharides have been employed for ESI.
The most common derivatization technique is reductive amination. The formation of chromophore-labled derivatives simultaneously enhances HPLC separation efficiency, MS ionization efficiency, and detection by conventional HPLC detectors. Sensitivity enhancement has been reported for several derivatives including 2-aminopyridine (2-AP) [26, 27] , 4-aminobenzoic acid ethyl ester (ABEE) [27, 28] , and trimethyl-(4-aminophenyl)amino (TMAPA) [27, 29] .
Our earlier studies [21] [22] [23] suggested that closedring derivatives (glycosylamines) provide greater structural information on linkage and anomeric configuration than open-ring (reductive amination) products under negative-ion FAB/collision-induced dissociation (CID), ESI-in-source CID, and ESI-MS/MS. In addition, closed-ring derivatives have shown better chromatographic behavior than open-ring derivatives on an amine HPLC column [20, 21] . Our earlier ESI-MS/MS study mainly focused on the linkage analysis of disaccharides [22] . In the present study, we have extended the study to a variety of linear and branched glycans. The utility and limitations of this approach are discussed.
Phospholipase A 2 (PLA), and the disaccharides were purchased from Sigma Chemical (St. Louis, MO). Lacto-N-tetraose (LNT), lacto-difucotetraose (LDFT), and lacto-N-difucohexaose (LNDFH) were obtained from Oxford GlycoSciences. Peptide-N-glycanase A (PNGase A), laminarihexaose, and isomaltohexaose were purchased from Seikagaku Kogyo (Tokyo, Japan). HPLC grade methanol and acetonitrile were obtained from LAB-SCAN Analytical Science (Labscan Ltd. Dublin, Ireland). Deionized (18M⍀) water (Milli-Q water system, Millipore Inc., Bedford, MA) was used in the preparation of the samples and buffer solution. Prior to use, the buffer solution was filtered through a 0.45 m membrane filter (Gelman Sciences, Ann Arbor, MI).
Sample Preparation
Oligosaccharides were released from pepsin-digested glycopeptides of honeybee Phospholipase A 2 (PLA) by means of PNGase A digestion [30, 31] . Glycan purification was obtained using graphitized carbon cartridges (Alltech Associates, UK) [31, 32] .
All oligosaccharides (Table 1) were ABEE closed-ring labeled using the glycosylamine approach. Dried lyophilized oligosaccharides (100 pmol-10 nmol) were dissolved in a 15 l volume of 0.1 M ABEE solution (2 mg of the solid dissolved in a 3: 7 (vol/vol) mixture of glacial acetic acid and DMSO, respectively) in a clean Eppendorf tube. The solution was incubated at 90°C for 10 h. The pure derivatives were isolated after passage through an Oasis cartridge (Waters, UK), followed by lyophilisation.
HPLC-UV System
The chromatographic system consisted of two model LC-10AD pumps (Shimadzu, Kyoto, Japan), an Accurate microflow mixer (LC Packings, San Francisco, CA) a Rheodyne model 7125 injection valve (Rheodyne, Cotati, CA) fitted with a 1 l loop, and a Rainin Dynamax UV-C UV detector set at 305 nm Rainin, (Woburn, MA). Chromatograms were recorded on a Pentium-PC using SISC PC Integrator software (Scientific Information Service Corporation, Taipei, Taiwan).
HPLC analysis was performed on a reversed phase C 18 column (1 mm i.d. ϫ 15 cm; particle size, 3.5 m, Waters Associates, Miford, MA). The mobile phases were deionized water (solvent A) and methanol (solvent B). The flow rate was set at 40 l/min. The following elution conditions were used: (step 1) 80% A, 20% B equilibration conditions; (step 2) 20 -50% B over 60 min, linear gradient; (step 3) wash with 100% B for 10 min; (step 4) reequilibration for 15 min.
Mass Spectrometry
Experiments were performed on a Finnigan LCQ ion trap mass spectrometer (Finnigan Corp., San Jose, CA) with the standard Finnigan ESI source in negative ion mode at a voltage of Ϫ3.5 kV. Samples were infused by syringe pump at a rate of 3 l/min and nebulized with dry nitrogen. The heated capillary was maintained at a temperature of 200°C for all experiments. Helium was introduced as the buffer/collision gas. For mass-analyzer CID, relative collision energies of 10 -70% were used in MS n experiments. The maximum ion collection time was set at 180 ms and five microscans were summed per scan.
Results and Discussion

Linear Oligosaccharides
Laminarihexaose, maltoheptaose, and isomaltohexaose are 1-3, 1-4, and 1-6 linked linear oligosaccharides, respectively. They were labeled with ABEE using glycosylamine (closed-ring approach) and studied by negative ion ESI-MS 2 and/or MS 3 . It was found that the fragmentation pattern of the first linkage (reducing end) was very similar to the fragmentation of ABEE closedring labeled disaccharides [22] . For linkages other than the reducing end, the fragmentation patterns were similar, but not identical to, underivatized disaccharides [24, 25] . A notable difference was the 0,3 A 2 ion (based on the nomenclature of Domon and Costello [33] ) in 1-3 linked disaccharides [24, 25] . Unlike the underivatized 1-3 linked disaccharide, the 0,3 A ions were not observed in laminarihexaose (a 1-3 linked oligosaccharide) even under the maximum collision energy (Figure 1 ). Based on the above study, fragment ions for linkage determination of linear oligosaccha- 
rides were proposed. These ions are summarized in Table 2 .
The utility of the linkage specific ions in Table 2 was examined for linear oligosaccharides having more than one type of linkage: LNT, LNFP-1, PLA-1, and PLA-3C. Both LNT and LNFP-1 were derived from human milk. LNT is a tetrasaccharide with linkages of 1-4, 1-3, 1-3 from the reducing end. The linkages of the pentasaccharide, LNFP-1, are 1-4, 1-3, 1-3, and 1-2 from the reducing end. PLA-1 and PLA-3C were cleaved from the glycoprotein-PLA. PLA-1 is a tetrasaccharide with a linkage sequence of 1-4, 1-4, 1-6 from the reducing end whereas PLA-3C is a pentasaccharide with a linkage sequence of 1-4, 1-4, 1-6, 1-3 from the reducing end.
LNT
The MS 2 spectrum of the ABEE closed-ring labeled LNT is shown in Figure 2a . The observation of the 1-4 linked diagnostic ion at m/z 628 ( 0,2 A 4 -18) suggested that the first linkage was a 1-4 linkage. The absence of cross-ring cleavage ions between C 3 (m/z 544) and C 2 (m/z 382) suggested that the second glycosidic bond was 1-3 linked. Fragment ions for the last linkage were not detected in Figure 2a because, with the ion trap mass spectrometer, only fragments with m/z values exceeding 28% of the precursor ion could be detected. To provide the information of the last linkage, the C 2 ion was selected for a MS 3 experiment as shown in Figure  2b . In Figure 2b , the lack of cross-ring cleavage ions indicated that the third linkage was also a 1-3 linkage. With the information provided by the MS 2 and MS 3 , the linkage sequence of 1-4, 1-3, 1-3 was assigned for LNT.
LNFP-1
The MS 2 spectrum of the ABEE closed-ring labeled LNFP-1 is shown in Figure 3a . The 0,2 A 5 -18 (m/z 774) ion indicated a 1-4 linkage for the first linkage from the reducing end. The lack of cross-ring fragment ion between m/z 690 (C 4 ) and m/z 325 (C 2 ) suggested that the second and third linkages were 1-3 linkage. Due to the low-mass cutoff, the information of the terminal linkage was missing. To determine the terminal linkage, the C 2 ion at m/z 325 was selected for MS 3 . The results from this experiment are shown in Figure 3b . The ions at m/z 307 (C 2 -18), 247 ( 0,4 A 2 -18), and 205 ( 1,3 A 2 ) indicated that the terminal linkage was a 1-2 linkage. Based on these two spectra, the linkage sequence of LNFP-1 was assigned as 1-4, 1-3, 1-3, and 1-2.
PLA-1
On-line HPLC/MS, HPLC/MS 2 , and/or HPLC/MS 3 were employed to study the glycans cleaved from the glycoprotein-PLA. Total ion current chromatograms (TIC) and selected ion chromatograms of the ABEE closed-ring labeled PLA glycans are shown in Figure 4 . The separation efficiency was in general similar to that found for the reductive amination derivatives [31] . However, it was noteworthy that, using the closed-ring labeling reaction, a much better separation was obtained for the isobaric oligosaccharides, PLA-3B (a branched oligosaccharide) and PLA-3C (a linear oligosaccharide). The MS 2 spectrum of the ABEE closed-ring labeled PLA-1 is shown in Figure 5a . The m/z 628 ( 0,2 A 4 -18) ion indicated that the first linkage was a 1-4 linkage. The m/z 443 ( 0,2 A 3 ) and m/z 425 ( 0,2 A 3 -18) ions suggested that the second linkage was also a 1-4 linkage. To determine the terminal linkage, the ion at m/z 341 (C 2 ion) was selected for a MS 3 experiment (8943 3413). The MS 3 spectrum is shown in Figure 5b . The presence of the ions at m/z 323 (C 2 -18), m/z 281 ( 0,2 A 2 ), m/z 251 ( 0,3 A 2 ), and m/z 221 ( 0,4 A 2 ) suggested that the terminal linkage was a 1-6 linkage. Accordingly, a sequence of 1-4, 1-4, and 1-6 was assigned for PLA-1.
PLA-3C
The MS 2 spectrum of the ABEE closed-ring labeled PLA-3C is shown in Figure 6a 
Branched Oligosaccharides
The study of the four linear oligosaccharides with more than one type of linkage suggested that the linkage diagnostic ions proposed in Table 2 are quite useful to assign the linkages of linear oligosaccharides. Several branched oligosaccharides of PLA glycoprotein were subsequently studied. The mass spectra of these branched oligosaccharides suggested that the fragmentation pattern of branched sugars was modified relative to the pattern documented for linear sugars. In order to establish a strategy for the analysis of linear and branched sugars, several branched oligosaccharides were studied with negative-ion ESI-MS 2 and/or MS 3 .
1-3 and 1-6 Linked Branched Sugars
PLA-3B is an isobaric oligosaccharide of PLA-3C. It is a branched oligosaccharide with a 1-3 and a 1-6 linkage at the branched sugar. The MS 2 spectrum of the ABEE closed-ring labeled PLA-3B is shown in Figure 7a . There are four linkages in PLA-3B. The presence of the m/z 790 ( 0,2 A 4 -18) ion indicated that the first linkage was a 1-4 linkage. The ions at m/z 605 ( 0,2 A 3 ) and m/z 587 ( 0,2 A 4 -18) suggested that the second linkage was also a 1-4 linkage. The data in Figure 7a did not contain information for the two linkages at the branched sugar. The m/z 503 (C 2 ) ion is the fragment of the branched trisaccharide and the m/z 323 (C 2 /Z 3x -H) ion corresponds to a disaccharide ion resulting from the loss of a monosaccharide from the m/z 503 trisaccharide ion. The CID of the m/z 323 ion (Figure 7b ) suggested that the linkage was most likely a 1-6 linkage because, with the exception of the 0,2 A ion, the characteristic 1-6 linked ions at C 2 -18 (m/z 305), 0,3 A 2 (m/z 251), and 0,4 A 2 (m/z 221) were observed. As mentioned earlier, the m/z 323 ion was produced from the loss of a monosaccharide from the terminal 1-3 and 1-6 linked branched trisaccharide. The assignment of a 1-6 linkage suggested that the other linkage is a 1-3 linkage and the 1-3 linked monosaccharide was easily cleaved from the trisaccharide. Based on this observation, the loss of a hexose (m/z 5033 3233) was proposed for the determination of a branched 1-3 linkage ( Table 3 ). The absence of the 0,2 A ion in the 1-6 linkage is consistent with the fact that the hydroxyl group at the 3-position is substituted with a monosaccharide.
1-3 and 1-4 Linked Branched Sugars
PLA-3A is ␣1-3 fucosylated at the Asn-linked GlcNAc. The MS 2 spectrum of the ABEE closed-ring labeled PLA-3A is shown in Figure 8 . The ion at m/z 774 ( 0,2 A 4 -18) suggested a 1-4 linkage at the reducing end. The ion at m/z 876 (Z 1␤ -H) represents the loss of a fucose (164 Da) from the precursor ion (m/z 1040). This observation is similar to the 1-3 and 1-6 linked branched sugar; the 1-3 linked hexose is easily cleaved from the 1-3 and 1-4 linked branched sugar. Support for the 1-4 linkage assignment at the branched point comes from the 0,2 A-18 ion (as in the linear sugar) as well as another specific ion, the m/z 816 ( 0,4 X/Z 1␤ -H) ion indicating that the linkages at the branched point are 1-3 and 1-4 linked for this sugar.
Like PLA-3A, PLA-5A is also ␣1-3 fucosylated at the Asn-linked GlcNAc. The MS 2 spectrum of the ABEE closed-ring labeled PLA-5A is shown in Figure 9 . As expected, a 1-3 linkage at the branched point was revealed by the detection of the Z 1␤ -H ion (m/z 1038). This ion corresponds to the loss of a fucose from the molecular ion. The 0,2 A 4 -18 ion at m/z 936 and the 0,4 X 1 /Z 1␤ -H fragment at m/z 978 suggested a 1-4 linkage in the 1-3 and1-4 linked branched sugar.
1-4 and 1-6 Linked Branched Sugars
PLA-2 is an oligosaccharide with a 1-4 and 1-6 linked branched sugar. The MS 2 spectrum of the ABEE closedring labeled PLA-2 is shown in Figure 10 . The characteristic ion for 1-4 linkage at the 1-4 and 1-6 branched point was found to be unchanged. The 0,2 A 4 -18 ion at m/z 774 indicated that the reducing end contained a 1-4 linkage. However, unlike the linear 1-6 linkage, where the 0,3 A 4␣ ion was observed, a 0,3 A 4␣ /W 1␤ ion at m/z 586 was detected. The 0,3 A 4␣ /W 1␤ fragment represents the loss of a fucose, ABEE, and C 6 H 7 NO 2 from the precursor ion. This specific fragmentation was also observed in the MS 2 spectrum of PLA-4B ( Figure 11 ). PLA-4B also has a fucose residue ␣1-6 linked to the innermost GlcNAc. In Figure 11 , the 0,3 A 4␣ /W 1␤ ion at m/z 748 was detected. Accordingly, the 0,3 A/W ion can be used to assign the 1-6 linkage for this 1-4 and 1-6 linked branched sugar.
Based on the above study, fragment ions for linkages at the branched point were proposed as shown in Table  3 . The utility of Table 2 and Table 3 to determine all the 
PLA-5B
PLA-5B was released from the glycoprotein PLA. The MS 2 spectrum of the ABEE closed-ring labeled PLA-5B is shown in Figure 12a . LNDFH LNDFH was derived from human milk. The MS 2 spectrum of the ABEE closed-ring labeled LNDFH is shown in Figure 13 . The ion at m/z 920 ( 0,2 A 5 -18) suggested a 1-4 linkage at the reducing end. The lack of cross-ring fragment ions between m/z 836 (C 4 ) and m/z 674 (C 3 ) suggested that the second linkage was a 1-3 linkage. The ion at m/z 348 (C 3 /Z 3␣ -H) corresponds to the loss of a disaccharide unit (326 Da) from the tetrasaccharide C 3 (m/z 674) ion. This loss of a disaccharide residue from the tetrasaccharide indicated that the hydroxy group at the 3 position of the branched sugar was substituted with a disaccharide residue. The other linkage at the branched sugar was assigned by the MS 3 spectrum of the C 3 (m/z 674) ion (Figure 14a ). Besides the weak 1-4 linked diagnostic ion at m/z 554 ( 0,2 A 3 -18), the presence of the ion at m/z 288 ( 0,4 X 1 /Z 1␣ -H) suggested a 1-4 linkage at the 1-3 bound branched sugar. Selection of the C 2 (m/z 325) ion for MS 3 provided the information of the terminal linkage. The MS 3 spectrum is shown in Figure 14b . The ions at m/z 307 (C 2 -18), 247 ( 0,4 A 2 ), and 205 ( 1,3 A 2 ) suggested that the linkage at the non-reducing end was a 1-2 linkage. Based on MS 2 and MS 3 spectra, all the linkages of LNDFH were determined.
The Effects of Sample Purity and Monosaccharide Composition
The assignment of 1-3 linkage is based on the absence of fragment ions. This may create a problem if an isobaric oligosaccharide of different linkage is mixed with the target compound. For example, the observation of 1-6 linked characteristic ions cannot eliminate the possibility that a 1-3 isobaric impurity is also present in the sample. Consequently, the purity of the sample is important in the assignment of linear linkage. The purity of the sample is believed to be not important to the assignment of branch point. The characteristic ions for the three different branched sugars (1-3 1-4, 1-3 1-6, 1-4 1-6) are quite different so that an isobaric mixture containing more than one type of branched sugars could be unambiguously assigned. All the interpretations were based solely on the difference in linkage. Our earlier study [23] suggests that anomeric configuration and monosaccharide compositions have little effect on the fragmentation of disaccharide. However, clear conclusions on monosaccharide composition and anomeric configuration to the fragmentation of oligosaccharides could not be drawn because of the lack of oligosaccharide standards with all possible combinations.
Conclusions
Extended from the study of negative-ion ESI-MS 2 of closed-ring labeled disaccharides, a new strategy for linkage determination of linear and branched oligosaccharides was proposed. For linear oligosaccharides, the fragmentation pattern of the first linkage was similar to that of the closed-ring labeled disaccharides whereas the fragmentation pattern of other linkages was similar to that of underivatized disaccharides. Linkage specific ions were tabulated (Table 2) for the linkage analysis of closed-ring labeled linear oligosaccharides. In general, linkage specific fragments at branch points were not quite the same as the linear ones. Consequently, Table 3 was introduced to determine the linkages at the branch point. Based on the linkage specific fragment ions in Table 2 and Table 3 , all the linkages of branched oligosaccharides analyzed in this study were unambiguously confirmed. Currently, we are investigating the utility of this approach to oligosaccharides larger than hexasaccharides.
